The relativistic field theory model of the deuteron suggested in [1] is revised and applied to the calculation of the cross sections of the low-energy radiative neutronproton capture n + p → D + γ and the low-energy two-proton fusion p + p → D + e + + ν e . For the low-energy radiative neutron-proton capture n + p → D + γ our result agrees well with both the experimental data and the potential model prediction. In the case of the two-proton fusion the cross section obtained is 2.9 times as much as that given by the potential approach. The obtained result is discussed in connection with the solar neutrino problem.
Introduction
In a recent publication [1] we have suggested a relativistic field theory model of the deuteron. This model, being some kind of a σ-model [2] , is based on the assumption that the physical deuteron state should be produced due to integration over low-energy proton-neutron fluctuations at energies restricted by the scale Λ D . For simplification we have suggested a one-nucleon loop approximation for the integration over protonneutron fluctuations. Unfortunately, this approximation does not have a perturbative parameter and should be considered as effective one, like that suggested by Nambu and Jona-Lasinio [3] . In this case the scale Λ D has the meaning of the cut-off. We have defined Λ D in terms of the effective radius of the deuteron r D , i.e. Λ D = 1/r D . For the estimate of Λ D we have applied the non-relativistic formula: r D = (ε D M N ) − 1/2 = 4.319 fm [4, 5] , where ε D = 2.225 MeV is the binding energy of the physical deuteron [5] and M N = 938 MeV is the mass of the nucleon. We used equal masses for the proton and neutron, i.e. The interactions of the deuteron with proton and neutron were described in terms of two coupling constants g V and g T , defining the interactions via vector and tensor nucleon currents, respectively. In the one-nucleon loop approximation we calculated the anomalous magnetic dipole moment of the deuteron κ D in units of the nucleon magneton µ N = e/2 M N , where e is the proton charge, and Q D the electric quadrupole moment. Imposing the constraint κ D = 0, being valid in the lowest approximation, we found the correlation between coupling constants g V and g T , i.e. g T /g V = − 3/8. Then the coupling constant g V has been fixed in terms of the electric quadrupole moment Q D . Eventually we calculated in one-nucleon loop approximation the binding energy of the physical deuteron in terms of g V and Λ D . The theoretical result obtained was in good agreement with the experimental value: (ε D ) exp = 2.225 MeV [5] .
The physical nature of the coupling constants g V and g T is connected with one-meson exchange. Of course, the π-meson exchange should give the main contribution. This assumption has been confirmed by the magnitude of g V , i.e. g V ≃ g πNN , where g πNN is the coupling constant of the πNN-interaction.
The application of the model to the calculation of processes of low-energy interactions of the deuteron encounters the problem of the unambiguous computation of one-nucleon loop digrams that should describe the interactions of the deuteron with other particles in the suggested model. Indeed, since these are fermion loops, most of them, contributing to processes like radiative neutron-proton capture n + p → D + γ, low-energy proton-proton reaction p + p → D + e + + ν e and so on, depend explicitely on the shift of virtual momenta of nucleons in the loop. This introduces substantial ambiguities interfering with the direct application of the model. However, free parameters appearing due to shifts of virtual momenta in nucleon loops must not be considered as free parameters of the model introduced especially for the computation of every nucleon diagram.
In this paper we revise our model [1] and apply it to the calculation of the cross sections of the radiative neutron-proton capture n + p → D + γ and two-proton fusion p + p → D + e + + ν e . In order to compute unambigously the effective anomalous magnetic and electric quadrupole moments of the deuteron we impose constraints on the computation of one-nucleon loops, caused by the requirement of electromagnetic gauge invariance of contributions for individual loops. This distinguishes our effective model from a field theory like QED, where the electromagnetic gauge invariance should be required for the complete set of diagrams in fixed order of perturbation theory. The requirement of electromagnetic gauge invariance applied to the individual nucleon loops allows one to fix ambiguities and use one-nucleon loops as well-defined quantum-fieldtheory objects. In order to remove ambigutities of the computation of the one-nucleon loop diagrams describing the effective Lagrangian of the radiative neutron-proton capture we turn to the selection rules. In the case of the computation of the effective Lagrangian responsible for the low-energy two-proton fusion p + p → D + e + + ν e we can remove ambigutities of the computation of the one-nucleon loop diagrams by using the gauge invariance under gauge transformations of the deuteron field.
The present paper is organized as follows. In Sect. 1 we adduce the starting assumptions that we have put in the foundation of the model, and phenomenological parameters in terms of the parameters characterizing the physical deuteron. In Sects. 2 and 3 we give a detailed derivation of the effective Corben-Schwinger and Aronson Lagrangians, respectively, describing electromagnetic interactions of the deuteron in terms the magnetic and electric quadrupole moments. In Sect. 4 and Sect. 5 we apply the relativistic field theory model of the deuteron to the computation of the amplitudes and cross sections of the radiative neutron-proton capture n + p → D + γ and the low-energy proton-proton fusion p + p → D + e + + ν e , respectively. In the Conclusion we discuss the obtained results.
2 The deuteron structure in the one-nucleon loop approximation
In Ref. [1] we have suggested a relativistic field theory model for the deuteron as a bound state of proton and neutron. The main idea, that has been put into the foundation of the approach, has been adopted from the Nambu-Jona-Lasinio (NJL) model [3] . As has been suggested by Nambu and Jona-Lasinio [3] , the physical deuteron should appear as the proton-neutron collective excitation due to a local four-nucleon interaction and vacuum fluctuations of nucleons, calculated in one-nucleon loop approaximation, producing both a kinetic term of the physical deuteron and its interactions with other particles. Unfortunately, the direct realization of the Nambu-Jona-Lasinio program, i.e. the use of the local four-nucleon interaction, would lead to a strongly bound localized protonneutron state, whereas a physical deuteron is weakly bound and rather "extended" object. Therefore, we have borrowed from the NJL model only the admission of the applicability of the one-loop approximation. This is used for the computation of observed parameters for physical states in leading order in the long-wavelength expansion [6] [7] [8] [9] .
In our description of the physical deuteron, being some kind of the σ-model, we use the following scheme: We start from the Lagrangian of an unphysical deuteron field D (0) µ (x), considered as a bound proton-neutron state at zero binding energy and with a mass equal to the sum of the proton and neutron masses. Then in the one-nucleon loop approximation and leading order in the long-wavelength expansion we obtain an effective Lagrangian of a physical deuteron field describing a physical deuteron with observable binding energy (ε D ) exp = 2.225 MeV [5] , anomalous magnetic dipole moment (κ D ) exp = −0.023, determined as κ D = µ D − µ p − µ n , where µ D = 0.857, µ p = 1 + κ p = 2.793 and µ n = κ n = −1.913 are the magnetic dipole moments of the physical deuteron, proton and neutron, respectively, and the electric quadrupole moment (Q D ) exp = 0.286 fm 2 [5] . The magnetic dipole moment of the deuteron is measured in nuclear magnetons µ N = e/(2M N ), where e and M N are the electric charge of the proton and the mass of the proton and neutron, then κ p and κ n are the anomalous magnetic dipole moments of the proton and neutron. In the case of the neutron the total magnetic dipole moment coincides with the anomalous one. Below, to simplify matter, we neglect the proton-neutron mass difference and use equal masses of the proton and neutron, i.e. M p = M n = M N = 938 MeV. This should correspond to the chiral limit approximation with zero masses of current u-and d-quarks, i.e. m 0u = m 0d = 0.
In this connection we would like to refer to the paper written by Sakita and Goebel [10] , where, for the aim of the investigation of the low-energy limit of the photodisintegration, the deuteron has been described in terms of a local field operator.
The Lagrangian of the unphysical deuteron field D
µ (x), which interacts strongly with the proton p(x) and neutron n(x) fields, reads
Here
The operator C denotes charge conjugation, T is a transposition, g V and g T are the phenomenological constants which will be fixed below. We assume that the coupling constants g V and g T are caused by one-meson exchanges. The π-meson exchange should give the main contribution.
The guiding principle for the construction of the Lagrangian (2.1) has been only the fact that the deuteron is a bound state of the proton and neutron with spin one [2] .
In order to compute the electric quadrupole and anomalous magnetic dipole moments of the physical deuteron we have to include the interaction the unphysical deuteron field D µ (x) with the electromagnetic field. Having performed this inclusion by a minimal coupling we obtain the Lagrangian
where
and A µ (x) are the electromagnetic field strength tensor and the electromagnetic potential, respectively. Also we have added the Aronson interaction [11] describing the electric quadrupole and anomalous magnetic moments of the unphysical deuteron:
. Now let us give some arguments for the justification of the application of the Aronson interaction. Recall, that the electric quadrupole and the anomalous magnetic dipole moments characterise the inhomogeneity of the structure of the unphysical deuteron represented in terms of the field D µ (x). The availability of such an inhomogeneity is not obvious beforehand and does not follow from the Lagrangian (2.1) via a minimal coupling inclusion of the interaction of the unphysical deuteron with an external electromagnetic field. Therefore, the inclusion of nonzero Q D (0) and κ D (0) is an additional assumption concerning the internal structure of the unphysical deuteron field. Since, the minimal coupling leads to the appearance of electromagnetic interactions linear in D αβ (x)). This does not contradict to the main principles of Classical Electrodynamics [12] and gives the required interaction in the form, being irreducible with respect to those interactions induced by a minimal coupling. The Aronson effective Lagrangian provides a simplest form of an interaction of order O(D
αβ (x)) [11] . The inclusion of the Aronson interaction can be also justified by the assumption that the electromagnetic interactions induced by electric quadrupole and anomalous magnetic dipole moments of the unphysical deuteron field with an external electromagnetic field become available only in next-to-leading order in long-wavelength expansion, i.e. in powers of gradients of the deuteron field D µν (x), the interaction of the unphysical deuteron with an external electromagnetic field, caused by electric quadrupole and anomalous magnetic dipole moments, vanishes.
We have taken into account the anomalous magnetic dipole moments of the proton and neutron that play an important role for the radiative neutron-proton capture n + p → D + γ. The inclusion of λ and the anomalous magnetic dipole moments of the proton and neutron distinguishes the present model from that given in [1] .
Some of the results and assertions adduced in this section repeat those given in [1] . This concerns mainly the computation of the binding energy ε D and the discussion of the validity of the approximation having been applied to the computation of one-nucleon loop diagrams. This repetition is caused by the consideration of the completeness of the exposition, i.e. in order not to relegate a reader to [1] for consultation, and the change of the magnitudes of phenomenological parameters of the model. The former is due to different procedures of the removal of ambiguities of one-nucleon loop diagrams, induced by shifts of virtual nucleon momenta, we use here and we have used in Ref. [1] . In the present version all shift ambiguities are fully fixed by requirements of gauge invariance.
Following [1] we compute the effective Lagrangian of the physical deuteron field in the one-nucleon loop approximation (see also [6] [7] [8] [9] ). The nucleon diagrams describing the contributions to the kinetic term of the deuteron field and leading to the appearance of the non-zero value of the binding energy are depicted in Fig. 1 . By calculating these diagrams in leading order in the long-wavelength expansion we get
where J 1 (M N ) and J 2 (M N ) are the following divergent integrals
The ultra-violet cut-off Λ restricts the 3-momenta of fluctuations of virtual nucleons taking part in the formation of the physical deuteron field. One should expect that Λ is connected with the region of localization of a wave packet procreated by fluctuations of virtual nucleons, i.e. ∆r · Λ ≈ 1. We shall specify the value of Λ below. Now we discuss the problem of the applicability of the long-wavelength expansion for the calculation of the one-nucleon loop diagrams in Fig. 1 . It is well-known that a twobody S-wave bound state being denoted as D with a reduced mass M N /2 and a binding energy ε D is localized in the region restricted by
. This quantity can be considered as the effective radius of the bound state [5] . In the case of the physical deuteron we have r D = 4.319 fm [5] . This value exceeds three times the effective radius of nuclear forces r N = 1/M π = 1.462 fm, where M π = 134.976 MeV is the pion mass [13] . Hence the physical deuteron looks like a rather "extended" bound state. It should be obvious that such an "extended" bound state can be formed at the expense of the main contributions of long-wavelength fluctuations of the bound proton and neutron. It implies that we can expect a cut-off Λ satisfying the inequality Λ ≪ M N . It should be obvious that Λ is to be identified with Λ D = 1/r D = 45.688 MeV , i.e. Λ = Λ D = 45.688 MeV .
The infinitesimality of the derivatives ∂ ν D
µ (x) necessary for the validity of the longwavelength expansion can be justified as follows. We assume that the deuteron field D µ (x) is a bound state of a proton and a neutron at zero binding energy. As has been mentioned above, this means that the field D µ (x) at the scale of the effective radius of the physical deuteron. Thus we have adduced some arguments on behalf of the validity of the long-wavelength expansion which has been applied for the calculation of the effective Lagrangian (2.4). Now we proceed to the computation of the binding energy of the physical deuteron.
First, following [1] , we introduce the field of the physical deuteron
is the wave-function normalization constant. After the renormalization (7) we get the effective Lagrangian of the free physical deuteron field
where M D = M 0 − ε D is the mass of the physical deuteron and ε D is the binding energy. In the one-nucleon loop approximation and in leading order of the long-wavelength expansion the binding energy ε D is determined by the expression
For the derivation of Eq. (2.9) we have used the inequality
being consistent with the inequality
It is seen that the binding energy of the physical deuteron is expressed in terms of three phenomenological parameters of our model: Λ D , g V and g T . Then we have to fix the coupling constants g V and g T to obtain the theoretical value of the binding energy. Eqs. (2.9) and (2.11) have been calculated in [1] . We need to reproduce them here for two reasons. First, we give below the new relation between the coupling constant g V and the electric quadrupole moment Q D . Second, in the Conclusion we shall discuss Eq. (2.11) setting g T = 0. For these reasons it is convenient to have Eqs. (2.9) and (2.11) at hand and not to relegate a reader to Ref. [1] .
In order to fix the coupling constants g V and g T we suggest to calculate the anomalous magnetic dipole κ D and electric quadrupole Q D moments in terms of g V and g T . We admit that κ D and Q D appear in the one-nucleon loop approximation, and only at the expense of interactions taken into account in the Lagrangian (2.2) [1] . The complete set of onenucleon loop diagrams is depicted in Fig. 2 The effective Lagrangian, defined by the one-nucleon loop diagrams in Fig. 2 and describing the electromagnetic interactions of the physical deuteron field via the anomalous magnetic and electric quadrupole moments, is given by
The Lagrangian (2.12) contains only physical deuteron fields. The first term in L el eff (x) is the Corben-Schwinger interaction [14] , while the second term presents the interaction which has first been introduced by Aronson [11] . These interactions describe the anomalous magnetic dipole and electric quadrupole moments of the charged vector field. It should be emphasized that we have neglected the divergent contributions which are small in comparison with the convergent ones due to the restriction (2.10).
Note that the effective Lagrangian (2.12) differs from that obtained in Ref. [1] by the additional contributions caused by anomalous magnatic moments of the proton and neutron, and the phenomenological coupling λ induced by the Aronson interaction. If one would set κ p = κ n = λ = 0, one would find a discrepancy in the main terms.The former is due to different procedures of the removal of ambiguities of one-nucleon loop diagrams, induced by shifts of virtual nucleon momenta, we use here and we have used in Ref. [1] . In the present version all shift ambiguities are fully fixed by requirements of gauge invariance.
The anomalous magnetic dipole moment κ D measured in units of the nuclear magneton µ N = e/(2M N ) and the electric quadrupole moment Q D are given by [10, 13] 
The experimental value (κ D ) exp = −0.023 of the anomalous magnetic dipole moment of the deuteron is small compared with the magnetic dipole moment of the deuteron µ D = 0.857. Therefore, we suggest to set κ D = 0 giving
In this case the observed magnitude (κ D ) exp = −0.023 can be the matter of next-toleading order corrections to the accepted approximation, for example, chiral corrections, etc. By applying Eq. (2.15) we can express the electric quadrupole moment Q D in terms of the coupling constant g V only, i.e.
The relation between g V and Q D , represented by Eq. (2.16), differs by a factor 2/3 from that obtained in Ref. [1] . Such a discrepancy has the following explanation. The relation Eq. (2.16) is caused by effective couplings of the deuteron to electromagnetic field, i.e. the Corben-Schwinger and Aronson interactions. These interactions are defined by one-nucleon loop diagrams the computation of which depends substantially on the shift of virual nucleon momenta (see Sects. 3 and 4). The mathematical procedure of the removal of such ambiguities which has been used in Ref. [1] , unfortunately, has left room for residual ambiguities. In the present version ambiguities induced by shifts of virtual nucleon momenta are fully fixed by requirements of gauge invariance under gauge transformations of the electromagnetic and the deuteron fields. The former has led to the factor 2/3 in the relation between Q D and g 
This formula agrees with the statement that the main contribution to the binding energy of the deuteron comes from the tensor forces producing the non-zero value of the quadrupole moment Q D [3] . For the computation of the magnitude of the binding energy we have to fix the ratio g T /g V that is still free. Putting g T /g V = − 3/8 [1] we obtain the best fit of the binding energy
The accuracy of the fit makes up 2%. Thus, we have fixed all phenomenological parameters and described all quantities, characterizing the physical deuteron.
The total effective Lagrangian of the physical deuteron describing strong and electromagnetic interactions of the deuteron reads
The ellipses stand for interactions of the proton and neutron with other fields such as photon, pions, etc. The effective Lagrangian (2.20) differs from that obtained in Ref. [1] by the coupling constants of the effective interactions of the physical deuteron with the electromagnetic field describing the anomalous magnetic dipole κ D and electric quadrupole moment Q D . We have to underline that the suggested field theory model of the deuteron is applicable only at the low-energy limit. Thereby all interactions of the deuteron with other hadrons should run via one-nucleon loop exchange. This is due to the one-nucleon loop origin of the deuteron in our model. This assertion is very similar to the approximation accepted within the NJL model, where all interactions of hadrons run via one-constituent quarkloop exchange [6] [7] [8] [9] . However, if the one-constituent quark loop approximation in the extended NJL quark model [9] can be justfied in large N (number of quark colours) expansion, where the perturbation theory is developed in powers of 1/N. In the case of the relativistic field theory model of the deuteron for the justification of the onenucleon loop approximation we do not have any perturbative parameter. Therefore, our approximation cannot be justified like that in the extended NJL quark model and should be considered as an effective one. For the confirmation of the validity of this effective approximation we can only refer to Ref. [1] , where the two-nucleon loop contributions to the binding energy have been calculated and found much less than the one-nucleon loop contributions.
We deem that most likely the deuteron cannot be inserted in an intermediate state of any process of low-energy interactions. This is connected with a very sensitive structure of the deuteron as an "extended" bound state with a small binding energy. The representation of such a state in terms of any local quantum field is rather limited. The latter entails an undetermined character of the description of the deuteron in intermediate states in terms of Green functions of these local fields.
Now we can proceed to the computation of the effective interactions describing the anomalous magnetic and electric quadrupole moments of the deuteron. The complete set of one-nucleon loop diagrams describing effective interaction of the deuteron with the electromagnetic field is depicted in Fig. 2 . In leading order in the long-wavelength expansion the diagrams in Figs. 2a,b do not contribute to the anomalous magnetic and electric quadrupole moments. The contributions of these diagrams are divergent and can be removed by the renormalization of the electric charge of the deuteron. The nontrivial contributions to the effective anomalous magnetic and electric quadrupole moments are defined only by the diagrams in Figs. 2c,d.
The effective Corben-Schwinger interaction
In this Section we give the detailed derivation of the effective Corben-Schwinger Lagrangian defined by the one-nucleon loop diagram in Fig. 2c and describing the effective electromagnetic interactions of the deuteron. The effective Lagrangian of the diagram in Fig. 2c is defined
The 4-vector Q = a k 1 + b k 2 , where a and b are arbitrary constants, displays the dependence of the k integral in (3.1) on the shift of the virtual momentum. This ambiguity of the computation of the integral over k, which has been found by Gertsein and Jackiw [15] , is used to remove undesirable contributions and make the effective Lagrangian gauge invariant. We use the fields of the physical deuteron. This is because the renormalization (2.6) introduces divergent terms that are small compared with the convergent ones we are following for the computation of the Corben-Schwinger Lagrangian.
In order to display the Gertsein-Jackiw ambiguity we follow the Gertsein-Jackiw method and compute the difference
In accordance with the Gertsein-Jackiw method the difference (3.3) can be represented by the integral
This shows that the Gertsein-Jackiw ambiguity is just the surface term. Following Gertsein and Jackiw [15] and evaluating the integral over k symmetrically, we obtain
The brackets < . . . > denote the averaging over directions of the 4-vector R. Due to the limit R → ∞ we can neglect all momenta with respect to R.
Averaging over directions of the 4-vector R
we obtain
Thus the surface ambiguity noticed by Gertsein and Jackiw contains only finite contributions. Now we should proceed to the computation of J βαµ (k 1 , k 2 ; Q). In order to pick up the ambiguity connected with Q one cannot apply the Feynman method of the computation of momentum integrals like (3.2) . This method involves the merger of the factors in the denominator with the subsequent shift of virtual momentum. On this way one can lose the Q-depenedence that is due to the shift at the intermediate stage. Thereby we have to compute the integral over k without any intermediate shift. One can carry out this by applying a long-wavelength expansion and keeping to the leading terms.
For the computation of J βαµ (1) (k 1 , k 2 ; Q) it is sufficient to calculate the trace of the Dirac matrices and integrate over k
where J 2 (M N ) describes a divergent contribution depending on the cut-off Λ D . Due to the inequality Λ D ≪ M N we can neglect J 2 (M N ) with respect to the convergent contribution. In order to compute J βαµ (2) (k 1 , k 2 ; Q) we have to integrate first over k directions. This gives
Here we have used the integrals
Summarizing the contributions, we get
It is seen that the Q-dependence coincides with that obtained by the Gertsein-Jackiw method (3.8). Due to the arbitrariness of Q we can arbsorb by the Q-term the terms having the same Lorentz structure. This brings up the r.h.s. of (3.13) to the form
(3.14)
Also we have neglected the divergent contribution. This approximation is valid due to the inequality
The effective Lagrangian L Fig.2c (x) defined by (3.14) reads
Now we can consider a and b as free parameters that can be fixed from the requirement of the gauge invariance of the effective Lagrangian described by the one-nucleon loop diagram in Fig. 2c . Due to the constraints ∂ µ D † µ (x) = ∂ µ D µ (x) = 0 the corresponding terms in the Lagrangian (3.14) can be dropped
The subsequent transformations are performed by applying the identity
where we have dropped the total divergence and the terms proportional to
Then it is convenient to rewrite the Lagrangian (3.16) as follows
Putting a = 2 b we bring up the effective Lagrangian (3.18) to the irreducible form that contains two parts defining the renormalization of the electric charge of the deuteron and the gauge invariant interaction coinciding with that given by Corben and Schwinger [14] L Fig.2c (x) = i e g
Now the effective Lagrangian L Fig.2c (x) is represented in the irreducible form, and we can proceed to the analysis of gauge invariance. Putting b = 0 we remove the finite contributions to the renormalization constant of the electic charge of the deuteron coming from the one-nucleon loop diagram in Fig. 2c and get a gauge invariant interaction. As a result the effective gauge invariant interaction reads
Thus the one-nucleon loop diagram in Fig. 2c defines the effective Corben-Schwinger Lagrangian L CS (x) describing the interaction of the deuteron with the electromagnetic field.
We should underscore that the ambiguities connected with the shift of the virtual momentum of the diagram in Fig. 2c are the intrinsic peculiarity of fermion loop diagrams, caused by the computation of such diagrams within the cut-off regularization [15] . So, one cannot consider the parameters a and b connected to a shift of virtual momentum Q = a k 1 + b k 2 as parameters especially introduced in the model. The requirement of gauge invariance defines unambiguously the parameters a and b and, correspondingly, the effective Lagrangian L CS (x). The choice a = 2 b is unique, since it brings up the Lagrangian (3.18) to the irreducible form. The next choice b = 0 is also unique, for the effective Lagrangian (3.19) is given by the irreducible form.
One can show that the contributions of the anomalous magnetic dipole moments of the proton and neutron to the effective Corben-Schwinger Lagrangian are proportional to J 2 (M N ) and due to inequality Λ D ≪ M N are small compared with that given by Eq. (3.20).
The effective Aronson interaction in the relativistic field theory model of the deuteron
In this Section we give the detailed derivation of the effective Aronson Lagrangian defined by the one-nucleon loop diagram in Fig. 2d and describing the effective electromagnetic interactions of the deuteron. The effective Lagrangian described by the diagram in Fig. 2d is given by
and
where the 4-vector Q = a k 1 + b k 2 is due to the shift of the virtual momentum of the nucleons in the diagram in Fig. 2d . The parameters a and b are free. They are not connected with those having been intriduced for the computation of the diagram in Fig. 2c . In the r.h.s. of Eq.(4.1) we have used the fields of the physical deuteron, for the renormalization (2.6) introduces divergent terms that due to inequality Λ D ≪ M N are small compared with the convergent ones we are keeping for the computation of the Aronson Lagrangian. The Gertsein-Jackiw ambiguity is given by
Now we should proceed to the computation of J αβµνλ (k 1 , k 2 ; Q). By analogy with (3.2) we get
Integrating over k we obtain
Now we should summarize the contributions and collect like terms
It is seen that the Q-dependence coincides with that obtained by the Gertsein-Jackiw method. Due to the arbitrariness of Q the vector (2k 1 +k 2 )/6 can removed by the redefinition of Q. Thereby we get
After the calculation of the traces of the Dirac matrices we obtain J αβµνλ (k 1 , k 2 ; Q) leading to the following effective Lagrangian
For the derivation of the effective Lagrangian (4.9) we have used the equation of motion
The analogous equation of motion is valid for the conjugated field. By collecting like terms in (4.9) we get
The third and the fourth terms can be reduced by applying the equation of motion 12) and analoguous for the conjugated field. Then putting b + a − 1 = − b + a + 3, we obtain b = 2, that brings up the effective Lagrangian (4.11) to the following irreducible form
Putting a = 0 we remove the finite contributions to the renormalization constant of the electric charge of the deuteron and gain the gauge invariant interaction
Due to the irreducibility of the Lagrangian (4.13) the choice a = 0 is unique. The effective Lagrangian (4.14) coincides fully with that suggested by Aronson [10] . This means that the one-nucleon loop diagram in Fig. 2d defines unambiguously the effective Lagrangian if one imposes the requirement of the gauge invariance. The same result can be gained if one requires the vanishing of finite contributions to the renormalization constant of the electric charge of the deuteron.
By analogy with the computation of the Lagrangian (4.14) one can obtain the contribution of the anomalous magnetic dipole moments of the proton and neutron to the effective Aronson interaction
As a result the complete expression of the Aronson effective Lagrangian is given by
Thus we have shown that in the relativistic field theory model of the deuteron and in onenucleon loop approximation one can unambiguously compute effective electromagnetic interactions of the deuteron in terms of anomalous magnetic and electric quadrupole moments. This can be obtained under requirement of gauge invariance to every onenucleon loop diagram separately.
Radiative neutron-proton capture
At low energies, the process of the radiative neutron-proton capture n + p → D + γ comes off via electric and magnetic dipole transitions. In the usual notations 2S+1 L J , the deuteron is a 3 S 1 state, and the possible transitions are
where µ = magnetic dipole and d = electric dipole. If the energies are low enough, the nucleons are in the S-wave state and thereby only magnetic dipole transitions are possible.
In the S-wave state the magnetic dipole moment operator acts only on spin variables. This implies that the transition 3 S 1 → 3 S 1 is forbidden [16] . Thereby the only allowed transition is 1 S 0 → 3 S 1 . This means that the anomalous magnetic dipole moments of the proton and neutron should give the main contribution [16] .
In the relativistic field theory model of the deuteron the interactions of the deuteron with other fields should be obtained through one-nucleon loop diagrams. Therefore, for the computation of the effective Lagrangian of the radiative neutron-proton capture we have first to compute the effective Lagrangian, describing low-energy neutron-proton scattering. Keeping to the one-pion exchange we obtain [1]
contribute to the S-wave of the neutron-proton scattering in the low-energy limit. Therefore, these terms should effect the 1 S 0 → 3 S 1 transition in the radiative neutron-proton capture at low energies. The corresponding one-nucleon loop diagrams are depicted in Figs. 3 and  4 .
First let us consider the contribution of the diagram in Fig. 3a . The corresponding Lagrangian reads
and Q = a k 1 + b k 2 is an arbitrary shift of virtual momentum. Fortunately, the integral J µν 5 (k 1 , k 2 ; Q) does not depend on the shift of the virtual momentum and can be computed unambiguously
where we have used the relation tr(γ 5 γ µ γ ν γ α γ β ) = −4iε µναβ . The structure function (5.4) leads to the effective Lagrangian L Fig.3a (x 
. Now let us consider the contribution of the diagram in Fig. 3b . This contribution is caused by the anomalous mangnetic moment of the proton. The effective Lagranigan is defined
Unfortunately, the integral J µαβ 5
(k 1 , k 2 ; Q) depends on the shift of the virtual momentum. Therefore, the leading contribution in the momentum expansion is fully arbitrary and is given 
The effective Lagrangian corresponding to the diagrams in Figs. 3a is given by
Now let us discuss how we can fix the parameter a. As has been mentioned above the radiative capture n + p → D + γ at low energies is a magnetic dipole transition 1 S 0 → 3 S 1 (µ). This implies that the contribution of the proton and neutron to amplitude of the radiative capture n + p → D + γ should be proportional to their magnetic dipole moments. In the case of the proton the total magnetic dipole moment equals (1 + κ p ), i.e. µ p = 1 + κ p , whereas the total magnetic dipole moment of the neutron is just its anomalous magnetic dipole moment, i.e. κ n = µ n . The effective Lagrangian (5.10) describes the contribution of the proton, therefore the quantity (1 − a κ p /2) should be nothing more than the total magnetic dipole moment of the proton µ p . This fixes the arbitrariness of the contribution of the diagram in Fig. 3b . Thus, we have to put a = − 2. As a result the complete contribution of the diagrams in Figs. 3a, b reads
Thus we have fixed the ambiguity introduced by the diagram in Fig. 3b by applying the selection rule 1 S 0 → 3 S 1 (µ). By extending the procedure of the computation of the diagrams in Figs. 3a,b on other diagrams in Fig. 3 we get the following complete effective Lagrangian
The contributions of the diagrams describing the interaction of the deuteron with the anomalous magnetic dipole moments of the proton and neutron via the tensor nucleon current, i.e. proportional to the constant g T , are divergent and due to the inequality Λ D ≪ M N are small compared with the convergent ones. Thereby the contributions proportional to the coupling constant g T can be neglected and do not appear in the amplitude of the radiative neutron-proton capture n + p → D + γ.
] interaction can be computed by analogy to that given above. As a result we obtain
The total effective low-energy Lagrangian, describing the radiative neutron-proton capture, is defined by the sum of the effective Lagrangians (5.12) and (5.13) and reads
(5.14)
The amplitude of the radiative neutron-proton capture is given by 
The cross section σ(n + p → D + γ) is given by 17) where E 1 , E 2 , E γ and E D are the energies of the neutron, proton, photon and the deuteron, respectively, v is the laboratory velocity of the neutron, and |M(n + p → D + γ)| 2 is the squared amplitude averaged over polarizations of the neutron and proton and summed over polarizations of the deuteron and photon
where α = e 2 /4π = 1/137 is the fine structure constant. In the low-energy limit when the 3-momenta of the neutron and proton tend to zero we obtain
where we have used the relation (2.16). Thus the cross section of the radiative neutron-proton capture reads
Putting v = 7.34 · 10 − 6 we get the following theoretical value of σ(n + p → D + γ)
It is seen that this theoretical value of the cross section disagrees with the experimental data.
However, it should be stressed that we do not have taken into account the resonance contibution to the 1 S 0 low-energy neutron-proton scattering [18] [19] [20] . The account of the resonance contribution gives the amplitude of the radiative neutron-proton capture in the form [21]
where a S = −23.748 fm [4] is the 1 S 0 neutron-proton scattering length that is fully due to the resonance contribution [18] [19] [20] .
As a result the cross section of the radiative neutron-proton capture is given by
(5.23)
The theoretical value agrees now with the experimental data within an accuracy better than 8%. The cross section (5.23) predicted in the relativistic field theory model of the deuteron agrees also well with that given by the potential model [22].
6 The low-energy p + p → D + e + + ν e reaction
The process of the two-proton fusion p + p → D + e + + ν e plays an important role for the synthesis of deuterons in stars, where the deuterons are destroyed again by the reaction p + D → 3 He + γ [23] . In nuclear physics the process p + p → D + e + + ν e is a Gamow-Teller transition governed by the weak axial-vector nucleon current [24] .
In the relativistic field theory model of the deuteron the low-energy process p + p → D + e + + ν e is closely connected with low-energy proton-proton scattering, i.e. p + p → p + p. Low-energy proton-proton scattering differs very much from the low-energy neutron-proton scattering. This is mostly due to the strong contribution of the Coulomb repulsion [25] . The small relative velocities v in the proton-proton system are suppressed by the factor exp(−2πα/v), where α = e 2 /4π = 1/137 is the fine structure constant. The factor exp(−2πα/v) is the Gamow penetration factor [25, 26] . For the acquaintance with the earliest computation of the cross section of the p + p → D + e + + ν e scattering we refer readers to the paper by Bethe and Critchfield [27] and the book by Rosenfeld [28] .
For the computation of the effective Lagrangian describing the low-energy protonproton scattering we assume the one-pion-exchange approximation
Here we have denoted g πNN (v) = g πNN C(v) and C(v) = 2πα/v exp(−πα/v) takes into account the Coulomb repulsion between protons at low energies [27, 29] .
Applying the Fierz transformation we bring up the Lagrangian (6.1) to the form
2)
The process p + p → D + e + + ν e should run via the intermediate W-boson exchange, i.e. p + p → D + W + → D + e + + ν e . The Lagrangian describing the electroweak interactions of the W-boson with proton, neutron, positron and neutrino reads [2, 19] 
Here g W is the electroweak coupling constant connected with the Fermi constant G F = 1.166 × 10 −5 GeV −2 and the W-boson mass M W by the relation [2, 19] 
where g A = 1.260 ± 0.012 is the axial-vector coupling constant [4] describing the renormalization of the weak axial-vector hadron current by strong interactions.
gives in our approach the main contribution to the amplitude of the transition p + p → D + W. The corresponding one-nucleon loop diagrams are depicted in Fig. 5 .
The effective Lagrangian defined by the diagrams in Fig. 5 is given by
The computation of this integral can be reduced to the computation of the integral (3.2) defining the Corben-Schwinger Lagrangian, i.e.
where we have denoted
The integralJ αµν (k 1 , k 2 ; Q) does not depend on the shift of virtual momentum, i.e. on Q, and in leading order in the long-wavelength expansion is given bỹ
Summing up the contributions (6.9) and (3.14) we obtain
(6.10)
In order to fix ambiguities produced by the shift of the virtual momentum let us note that k 2 , being the momentum of the W-boson, coincides with the momentum of the leptonic pair and is small. Therefore, we suggest to keep only the terms leading in k 1 expansion
Here we have dropped the term proportional to k µ 1 giving in the Lagrangian the total divergence of the deuteron field that vanishes: ∂ µ D † µ = 0. The structure functionJ αµν (k 1 , k 2 ; Q),defined by the Eq.(6.11), would be invariant under gauge transformations of the deuteron field if a = 3/2, i.e.
(6.12)
The effective Lagrangian defined by the structure function (6.12) has the following form
In turn the effective Lagrangian describing the low-energy process p + p → D + e + + ν e reads 14) where j µ (x) =ν e (x)γ µ (1 − γ 5 )e(x) is the leptonic electroweak current. In the low-energy limit when the 3-momenta of protons tend to zero the effective Lagrangian (6.14) can be reduced to the expression
where we have used the relations
that is valid in the limit of low 3-momenta of protons and the deuteron. The amplitude defined by the effective Lagrangian (6.15) reads 17) whereū(k ν ) and v(k e ) are the Dirac bispinors of the neutrino and positron. We have separated the factor C(v), describing the Coulomb repulsion, that is convenient for the sequent calculations. The cross section of the low-energy p + p → D + e + + ν e reaction is defined 18) where v is a relative velocity of protons, and |M(p + p → D + e + + ν e )| 2 is the squared amplitude averaged over polarizations of protons and summed over polarizations of final particles, i.e. 
|M(p
Since protons interact at low energies, we calculate the traces over Dirac matrices in the low-energy limit
Substituting Eq. (6.20) in Eq. (6.19) we get
(6.21)
Now let us take into account the spinorial properties of the interacting protons. At low energies the two-proton fusion proceeds through an intermediate S-wave state with the total spin of the two protons equal to zero (S=0). The former means that the spins of the interating protons are antiparallel, that gives s 1 · s 2 = −1. However, s 1 · s 2 = −1 can be also realized for the two-proton state with a total spin S=1 and zero projection onto the z-axis. Therefore, the factor (1− s 1 · s 2 )/2 sould be expanded as
Keeping only the S-wave contribution we arrive at the expression
Now we should carry out the integration over the phase volume of the final D e + ν e -state
where ξ = m e /ε D and the function f (ξ) is defined by the integral
= 0.776 and normalized to unity at ξ = 0, i.e. f (0) = 1. The cross section of the S-wave low-energy two-proton fusion p + p → D + e + + ν e is given by
(6.25)
The cross section is calculated in units ofh = c = 1. The appearance of the factor C 2 (v) agrees well with the result obtained by Bethe and Critchfield [27] . Now we should average the cross section over relative velocities of the proton-proton system with a Maxwell-Boltzmann distribution [27] 26) where k = 8.62 × 10 −11 MeV · K −1 is the Boltzmann constant, and T is the temperature. Following [27] and computing the integral by a saddle point approximation we get 27) where τ is connected with the temperature [27] 
The temperature dependence of Eq. (6.27) coincides with that obtained by Bethe and Critchfield [27] . Setting T = T c = T 6 = 15.5, measured in unites of 10 6 K, where T c is the temperature of the solar core in the Standard Solar model [24] , that gives τ = 13.56 we get the following estimate
This magnitude is larger by a factor of 2.9 compared to the potential approach [24] (see also [30] ). In order to reconcile our result with the solar luminisoty we should assume that the temperature in the solar core equals T c = 13.8 in 10 6 K [31] . As has been remarked in Ref. [31] the enhancement of the magnitude of the cross section of the two-proton fusion leads to a decrease of the temperature in the solar core. This gives a strong suppression of the solar neutrino fluxes. The increase of the amplitude of the p + p → D + W transition found in our approach is connected with the computation of the amplitude in terms of one-nucleon loop diagrams. Indeed, the structure function Eq. (6.12) defining the effective Lagrangian of the p + p → D + W transition is due to the contribution of the anomalous part of the one-nucleon loop diagram of the AAV-kind, i.e. with two axial-vector and one vector vertices [15, 32] . One cannot expect that such an anomalous contribution should coincide with the contribution described within potential approach in terms of the overlap integral of the wave-functions of the deuteron and two-protons. The ambiguity of the anomalous contribution has been fixed by the requirement of gauge invariance under the gauge transformations of the deuteron field. It is very similar to the fixing of the ambiguity of the well-known axial Adler-Bell-Jackiw anomaly [2, 33] .
Conclusion
In the present paper we have developed the relativistic field theory model of the deuteron that has been suggested in Ref. [1] . We have given the elaborate computation of the Corben-Schwinger and Aronson effective Lagrangians describing the interactions of the deuteron with electromagnetic fields and defining the anomalous magnetic and electric quadrupole moments of the deuteron. We have adjusted the model to the calculation of the low-energy processes such as the radiative neutron-proton capture n + p → D + γ for thermal neutrons and the fusion of two protons p + p → D + e + + ν e . This reaction is very important for stellar nucleosynthesis, where the deuterons are destroyed again by the reaction p + D → 3 He + γ [23] . Unfortunately, our model is far from being induced by the dynamics of QCD and seems like an old-fashion approach. It is based on the Lagrangian Eq. (2.1) written with the only guiding principle that the deuteron is a bound state of the proton and neutron with spin one [3, 10] .
We have shown that the model, supplemented by the dynamics of low-energy neutronproton and proton-proton scattering, is able to describe reasonably the cross sections of the radiative neutron-proton capture in agreement with both experimental data and predictions of the potential model. For the cross section of p + p → D + e + + ν e we have obtained an enhancement by a factor 2.9 compared to the potential approach. This enhancement of the cross section could be of relevance for a suppression of the solar neutrino fluxes [31] .
We have found that the coupling constant g T does not contribute to the amplitudes of the processes under consideration. Thereby one can assume that the interaction of the deuteron with the antisymmetric tensor nucleon current is less important for the physics of low-energy interactions of the deuteron than the interaction with a vector nucleon current. If it is true, this gives rise the question concerning the need of keeping a nonzero value for the coupling constant g T . What would happen if we would put g T = 0?
Putting g T = 0 we face the only problem of the fit of the binding energy of the deuteron by the cut-off Λ D = 45.688 MeV. Using Eq. (2.18) at g T = 0 we obtain the best fit of the binding energy at Λ D = 64.843 MeV. Recall that we have identified 1/Λ D with the effective radius of the deuteron [3] . By using the new value of the cut-off we get: r D = 1/Λ D = 3.043 fm. This value agrees well the average value of the deuteron radius, i.e. < r > = 3.140 fm [34] .
Putting then g T = 0 we simplify our model reducing the number of free parameters and gain the cut-off Λ D = 64.843 MeV that should define the average value of the deuteron radius r D = 1/Λ D = 3.043 fm.
Thus the number of free parameters introduced for the definition of parameters of the physical deuteron are just three: g V , Λ D and λ and we could fix them unambiguously. In this connection we should underscore that additional free paprameters appearing due to the ambiguities connected with the shifts of virtual momenta in the diagrams in Figs. 2-5 are intrinsic peculiarities of one-fermion loop diagrams, caused by the computation of such diagrams within cut-off regularization [15] . Therefore, one cannot consider these parameters as free parameters especially introduced in the model. Of course, the appearance of these ambiguities can lower, from the first glance, the predictive abilities of the model. However, as we have shown, most of these parameters can be unambiguously fixed by the requirement of gauge invariance.
Finally, we want to estimate the theoretical uncertainty of the relativistic field theory model of the deuteron. Unfortunately, in our model there is not a small parameter, like α = e 2 /4π = 1/137, the fine structure constant in QED. There is not a large parameter like the number of quark colours N in the multi-colour extension of QCD with SU(3) c → SU(N) c that allows to apply large N-expansion in powers of 1/N to quark-gluon diagrams describing the strong low-energy interactions of hadrons.
Our approach is effective and based on the one-nucleon loop diagram approximation for the description of both the self-interactions of the deuteron and coupling of the deuteron to other particles. By describing the self-interactions of the deuteron at the one-nucleon loop approximation we have fitted all parameters characterising the physical deuteron. In this case the only way to estimate the theoretical uncertainty of the approach is to compare the one-nucleon loop data with the two-nucleon loop corrections. In Ref. [1] we have calculated the two-nucleon loop correction to the binding energy of the deuteron. Setting g T = 0, this correction reads [1] 14) ). Thus the magnitude ∆ = ±16% might be accepted as a theoretical uncertainty of the relativistic field theory model of the deuteron. This agrees well with our prediction for the cross section of the radiative neutron-proton capture. Indeed, the theoretical value σ(n + p → D + γ) = 308.8 mb reproduces the experimental data σ(n + p → D + γ) exp = (334.2 ± 0.5) mb with an accuracy of about 8%. By taking into account the theoretical uncertainty the cross section of the radiative neutron-proton capture should read: σ(n + p → D + γ) = (308.8 ± 49.4) mb. With regard to the two-proton fusion cross section, we predict an enhancement of 2.9 ± 0.5 compared to the potential approach. We acknowledge fruitful discussions with Prof. G. E. Rutkovsky and Dr. H. Leeb, and Dr. M. Meinhart for discussions concerning effective radius of the deuteron. This work Figure Captions • Fig. 1 One-nucleon loop diagrams contributing to the binding energy of the physical deuteron, where n c = Cn T is the field of anti-neutron.
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Abstract
We correct the value of the cross section for pp-fusion (p + p → D + e + + ν e ) calculated in Ref. [1] . We find a contribution to the astrophysical factor δS pp (0) = 2.01 × 10 −25 (1 ± 0.30) MeV b which is obtained only due to weak and strong lowenergy interactions of the protons and the deuteron when neglecting the Coulomb repulsion between protons in the intermediate state. Minor misprints in Ref. [1] are corrected.
1. The enhancement factor 2.9 obtained in Ref. [1] with respect to the potential model is mainly related to the neglect of the electromagnetic mass difference of the proton and the neutron by using a value of W = 2.223 MeV instead of 0.932 MeV in the phase-space factor (W + E) 5 f (m e /(W + E)). Furthermore, we used a few erroneous combinatorial and dynamical factors connected with identical and dynamical properties of the interacting protons. All of these factors are included now correctly in the Eqs. 1 and 2 given below.
For the astrophysical factor we give the following new expression δS pp (E) = α 9g where E is the kinetic energy of the relative movement of the protons, and the function f (m e /(W + E)) is given by Eq. (6.24) of Ref. [1] . For δS pp (0) we obtain δS pp (0) = α 9g [2] .
We stress that the astrophysical factor δS pp in Eqs. (7.30) and (7.31) describes only the contribution of the weak and strong low-energy interactions and neglects the Coulomb repulsion between protons in the one-nucleon loop. The Coulomb repulsion in the initial state is included in terms of the Gamow penetration factor C(v) = √ 2πη exp(−πη) [3] , where η = α/v, multiplied by the amplitude defined by weak and strong low-energy interactions of the protons and the deuteron.
Our result concerning the astrophysical factor δS pp (0) = 2.01×10 −25 (1±0.30)MeV b is rather promising. Indeed, as has been shown by Kamionkowski and Bahcall an important contribution to the astrophysical factor for pp-fusion comes from the region where the Coulomb repulsion between the protons is dominating [2] . Since we have managed to describe about 50 % of the astrophysical factor obtained in the potential approach keeping only the contribution of weak and strong low-energy interactions of the protons and the deuteron, we expect to get the contribution of the same order when including the Coulomb repulsion in the one-nucleon loop. These calculations are in progress now. We note that we have tested our approach by calculating the disintegration of the deuteron by reactor antineutrinosν e + D → n + n + e + . This process is governed by the same physics as the quantity δS pp (0). We find excellent agreement with the potential model results and the experimental data [4] . 
